This paper summarizes a method to evaluate the possible effects of magnetohydrodynamic-electromagnetic pulse (MHD-EMP) on power systems. This method is based on the approach adapted to study the impact of geomagnetic storms on power systems. The paper highlights the similarities and differences between the two phenomena. Also presented are areas of concern which are anticipated from MHD-EMP on the overall system operation.
1INTRODUCT ION
In the event of single or multiple high-altitude nuclear bursts, it is expected that a large geographic area will be illuminated by intense, transient electromagnetic fields. The first of these fields to be perceived on the ground will be an extremely fast transient having characteristic rise times in the nanoseconds, and known as high altitude electromagnetic pulse (HEMP).
The second is perceived at much later times; i.e., seconds to hundreds of seconds after the burst, due to magnetic bubble formation and hydrodynamic motion of the heated atmosphere and debris remaining from the explosion. This pulse has been defined by the term magnetohydrodynamic-electromagnetic pulse (MHD-EMP). A comprehensive methodology for assessing the effect of MHD-EMP on power systems is the subject of this paper.
This paper defines the tools and techniques necessary to perform an analysis of the effects of MHD-EMP on a power system. No attempt has been made here to quantify power system performance in an MHD-EMP environment. Lafayette, CA 94549
MHD-EMP ENVIRONMENTAL DESCRIPTION
The Physics of MHD-EMP Generation
Two distinct physical mechanisms are thought to be responsible for generating the MHD-EMP environment [1] . The first results in the early portion of the MHD-EMP signal (less than ten seconds after the burst) while the second produces the response later than ten seconds. A nuclear burst [2] .
at Johnston at high altitudes gives rise to a rapidly expanding ionized fireball, consisting of bomb debris and hot gas. This fireball tends to be diamagnetic, in the sense that the earth's magnetic field is excluded from the interior of the fireball. As the fireball expands and rises, it deforms the earth's geomagnetic field lines, creating a magnetic field disturbance of wide spread proportion. Directly under the burst point, a temporary layer of ionized air is created by atmospheric absorption of x-rays produced by the weapon. This region tends to shield the area under the burst for the "early" portion of the MHD-EMP signal. As time progresses, the hot ionized air under the burst begins to rise and move across the earth's geomagnetic field lines causing large atmospheric currents to flow. This motion may account for the second phase of the MHD-EMP signal. These atmospheric currents are imaged in the earth and result in changes in the earth's observed magnetic field flux density, as shown in Figure 1 .
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Numerical simulations [2, 3] of the Starfish event have been performed to compute the transient magnetic flux density at the surface of the earth. The magnetic bubble expansion, plasma pressure gradients, ion inertia and atmospheric conductivity were among the controlled variables for the simulations. In addition to the time dependence of the magnetic flux density, these simulations have shown that the magnetic flux density is also spatially dependent.
Determination of the MHD-EMP Electric Field
The environments of more direct interest to electric power system assessment are the time and spatially varying electric fields associated with the change in magnetic flux caused by the MHD-EMP event. It is the existence of these electric fields which directly effect the electric utility network.
The electric field of interest is the tangential field E caused by an induced current density JS in the earth flowing in a medium of finite conductivity. This tangential electric field has the following form [4] :
The magnitude of the electric field is inversely proportional to the square root of the earth conductivity and also a function of the time rate of change of the magnetic flux density, both at a given spatial location.
COMPARISON OF MHD-EMP TO GEOMAGN4ETIC STORM ENVIRONMENTS
Since MHD-EMP environments can only be created by the detonation of a nuclear device at high altitudes over the earth's surface, it would facilitate our understanding of the environment if one could identify a phenomenon, naturally occurring, whose electric and magnetic environment has similar characteristics to the MHD-EMP event. A candidate environment for examination is that produced by geomagnetic storms.
The creation of auroral currents in the earth's atmosphere by solar storm activity sives rise to magnetic and electric fields at the surface of the earth. The characteristics of such an environment, and its consequential impact on power systems has been extensively explored by Albertson and others [5, 6, 7, 8, 9] 
Intensity
Assuming identical earth conductivity models, the intensity of the MHD-EMP electric field strengths, measured in volts/km may be significantly greater than those produced by geomagnetic storms within certain geographic boundaries. This can best be understood by noting that the change (magnitude) of magnetic flux density for MHD-EMP can be greater than the most severe storm ever recorded and the time rate of change is also faster than that seen in the stornm.
Duration
The duration of geomagnetic storm effects on electric power systems in a specific geographic region will be on the order of tens of minutes to hours, with degree of intensity varying unpredictably from low to severe during the storm period. The environment created by a single MHD-EMP event will effectively last no more than 400 seconds. Thus, even a finite number of MHD-EMP events will not continuously illuminate the power system for any length of time comparable to the storm.
Spectral Content
The spectral contents of the magnetic flux density and electric field for both phenomena are similar and contain only low frequency components (less than 1 Hz).
Despite differences between the two phenomena, there is sufficient similarity to invoke many of the methodologies and models developed for assessing geomagnetic storm effects on electric power systems as applicable to MHD-EMP assessments.
MHD-EMP COUPLING TO POWER SYSTEMS
In order to validate the assumption that the methods used for geomagnetic storms can be applied to MHD-EMP and to understand the effects on power systems of this phenomena, it is necessary to examine the spectral contents of the associated fields. The MHD-EMP spectral distribution [4] strongly suggest that a reasonable coupling model may be constructed where the electric field takes the form of quasi-dc excitation and the network topology for coupling is a distributed source dc resistive network.
Thus, for the MHD-EMP environment the power system network will be excited by and develop a response to a stimulus qualitatively identical to geomagnetic storm phenomena. Given this, the major aspects of the data base and models developed for understanding power system vulnerabil ity during geomagnetic storms can also be used for the MHD-EMP event.
Example: Coupling of a field to a single conductor and coupling to overall power systems The quasi-dc driving voltage source for a single conductor between two points (x lyb) and (xb,yb) can be quantified given t(x,y;t) Rs: (1) .
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If the conductor is terminated to the earth at each end, the ground represents a return path and a quasi-direct current will flow in the conductor. It is important to note that the magnitude of the voltage difference, Vab(t) obtained from Equation (2) depends on the dot product of two vector quantities.
In the case where the electric field is normal at all points to the conductor the value of Vab (t) E(x,y,t)=E; (x,y)',(X'Y)fl(t)+E2(xly)'2(xly)f2(t) ( Tests on full-size, single-phase, core-form transformers, as well as analytical studies [6] have shown that the equivalent exciting current can be approximated by: 
A value of 2.8 for K has been found to fit data for current magnitudes induced by geomagnetic storms [6] . Additional research should be performed to validate the approximation and the value of K for MHD current levels. Equation (5) As a pre-requisite to system analysis such as load flow and stability, the increased VAR requirements caused by transformer overexcitation must be developed into a data base. This data base can be established in two wiays [8] . The more precise approach for a given transformer design is founded on the harmonic content of the exciting current as follows: (6) In addition to the quantification of the new steady-state load flow caused by the MHD-EMP environment, the effects on system stability as it moves from state to state must also be considered. The load flow defines the initial steady-state conditions. The stability program contains dynamic models of generation, load, reactive power compensation and HVDC transmiission. The program output would quantify the dynamic response of the system, such as generator swing angles as a function of time. In addition, the effects of load shedding schemes and line tripping are considered.
A switching operation might take place during the MHD-EMP event. The effects of long-line energization, single and three-pole reclosing, and other switching phenomena are investigated in the presence of the MHD-EMP quasi-dc currents.
The combination of load flow, stability and switching surge studies, caused by and in the presence of an MHD-EMP environment, lead to an understanding of complete system operational response and final system state after the nuclear event.
DC Transmission Analysis
Based on previous analyses [7] for geomagnetic storms, the impact of MHD-EMP on dc terminals is investigated. This impact might result in damage to harmonic filters, commutation failure, and saturation of the converter transformer. These could lead to the loss of dc transmission capability with subsequent effects on system stability.
Turbine Generator Analysis
The overexcitation of generator step-up transformers and the other electrically close transformers in the system might cause harmonic current flow in the generator stator windings. Stator second harmonic (negative sequence) current, in particular, could produce heating problems in the machines. Negative sequence currents might also occur due to phase current imbalance caused by unequal excitation of the transformer bank.
Instrument Transformer Analysis
Knowledge of the steady state and transient performance of instrument transformers exposed to an MHD-EMP environment is of critical importance for instrumentation and protective relay system assessment. Simultaneous ac and dc excitation results in transformer operation closer to or in the saturation state. 
